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 Cell invasion occurs during various physi-
ological and pathological tissue remodeling 
processes, including during development 
and wound healing and in diseases related 
to tissue destruction, such as cancer. The 
extracellular matrix (ECM) is a complex 
network formed through structural and 
functional interactions of macromolecules 
that provides anchoring sites for cells, as 
well as signals that regulate cell proliferation, 
migration and differentiation  [1, 2] . It also acts 
as a barrier for cell movement in tissue; 
therefore, cell invasion usually requires the 
controlled destruction and restructuring 
of the ECM. Protein turnover in the ECM 
is triggered by proteolytic enzymes such 
as serine proteinases and matrix metallo-
proteinases (MMPs) that modulate tissue 
remodeling according to the type of 
cells  [3–5] . Membrane type (MT)1-MMP was 
fi rst identifi ed as a tumor-specifi c MMP-2 
activator, which stimulates tumor invasion 
and metastasis  [6] . Later, multiple functions 
of MT1-MMP were demonstrated to be 
associated with tumor malignancy  [7, 8] . 
For example, MT1-MMP degrades a wide 
range of ECM components including type 
I, II, III collagen, fi bronectin and laminins, 
and activates MMP-9 and -13 in addition to 
MMP-2. MT1-MMP also functions as a colla-
genolytic growth factor that provides cancer 
cells with the ability to accelerate prolifer-
ative responses by overcoming the growth-
suppressive signals from three-dimensional 
(3D) collagen  [9–12] . Inhibition of MT1-MMP 
was shown to suppress cancer invasion  in 
vitro and  in vivo ; however, its function in the 
context of invasion-promoting signals and 
effector proteins is unclear. A comparative 
analysis of invasive and noninvasive cells 
can provide insight into the invasion network 
of cancer cells. This requires an apparatus 
that can separate these two cell populations 
while they are in the active state. 
 Many approaches have been used 
to date to analyze cell invasion, including 
the Transwell invasion (Boyden chamber), 
3D cell tracking, vertical gel invasion, 
spheroid gel invasion and microcarrier 
bead cell invasion assays   [13–19] . The 
Transwell invasion assay with a Boyden 
chamber is the most frequently used of 
these approaches  [13, 16] . In this method, 
cancer cells invade through a thin layer of 
ECM overlying a porous membrane in the 
chamber and adhere to the bottom of the 
membrane. Therefore, invasive cells cannot 
be isolated as they are in the layer of ECM. 
 This study describes a modifi ed invasion 
assay in 3D collagen gel using an easy and 
low-cost apparatus that enables invasive 
and noninvasive living cells to be separately 
isolated in their native state from collagen. 
 Materials & methods 
 Cell culture & reagents 
 HT1080 human fi brosarcoma and HeLa 
cells were obtained from the American 
Type Culture Collection (VA, USA) and were 
maintained in Dulbecco’s modifi ed Eagle’s 
medium (DMEM; Sigma-Aldrich, MO, 
USA) supplemented with 10% fetal bovine 
serum. Cellmatrix Type IA (acetic acid-
extracted type I collagen from pig tendon) 
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was purchased from Nitta Gelatin (Osaka, 
Japan). The synthetic MMP inhibitor BB94 
was a gift from Kotobuki Pharmaceutical 
Co. (Nagano, Japan) and was dissolved in 
dimethyl sulfoxide (DMSO). Anti-FLAG and 
-tubulin antibodies were purchased from 
Sigma-Aldrich. Hoechst 33342 was from 
Molecular Probes (OR, USA). Collagenase 
I was obtained from Nacalai Tesque (Kyoto, 
Japan).
Invading cell t rapping (iCT) assay
Type I collagen gel (3 mg/ml) was diluted 
to 2.1 mg/ml by adding 5× DMEM and 
10× reconstitution buffer (200 mM HEPES, 
260 mM NaHCO3, and 50 mM NaOH) 
according to the manufacturer’s instructions 
(Nitta Gelatin). Cell strainers with a nylon 
mesh of 40-μm2 square pores (Funakoshi, 
Tokyo, Japan; Figure 1A & B) were selected 
for the iCT assay. A 200-μl volume of the 
collagen gel mixture containing test cells 
was polymerized on the outer surface of the 
nylon mesh of the cell strainer (Figure 1B), 
by incubating in a 100-mm diameter culture 
dish at 37°C for 30 min. Nylon mesh with a 
larger pore size was unable to retain a drop 
of collagen gel mixture by surface tension, 
and could not be used. After polymerization, 
the cell strainer was transferred to a 24-well 
plate, and 200 μl of cell-free collagen gel 
mixture was poured onto the inner surface 
of nylon mesh to form an upper gel by 
incubating at 37°C for 30 min. Then, the 
cell strainer was transferred to a 24-well 
plate filled with 1700 μl DMEM containing 
0.5% serum. The inner chamber was filled 
with 400 μl of DMEM containing 0.5 or 10% 
serum. Cells seeded in the lower gel were 
allowed to migrate upward into the upper 
gel for 24 h. Then, the lower and upper gels 
were separated from the cell strainer with a 
pipette tip and placed in the 24-well plate. 
Invaded cells in the upper gel were observed 
and counted under a light microscope.
Cell viability
Cell viability was determined by assaying 
viable cell numbers using a Cell Counting 
Kit-8 (Dojin Laboratory, Kumamoto, Japan). 
The living cell number was assessed by 
measuring the absorbance of OD490 using 
a SH-1000Lab spectrophotometer (Corona 
Electric, Ibaraki, Japan). After incubation, the 
upper and lower gels were removed from 
cell strainers and incubated in the mixture 
of 170 μl of DMEM containing 10% serum, 
20 μl of Cell Counting Kit-8 reagent, and 
10 μl of collagenase at 37°C for 4 h. After 
digesting collagen gels, the relative number 
of cells in each of the collagen gels were 
assessed by measuring the absorbance 
of OD490.
Functional selection of highly 
invasive cells  using the iCT assay
To identify highly invasive cells, the iCT 
assay was carried out using G418-selected 
HeLa-MT1 cells. After incubation for 3 days, 
the upper gel containing invading cells was 
removed and incubated in the 24-well plate 
for another 6 days. During this period, some 
cells invaded out of the gel and grew on 
the surface of the culture plate. Cells in 
collagen gel were isolated by digesting 
collagen gel in collagenase I buffer (10% 
FBS and 24 U/ml collagenase I in DMEM) for 
1 h at 37°C, and were combined with cells 
invaded out of collagen gel (HeLa-MT1R1 
cells). By repeating these steps one more 
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Figure 1. Schematic illustration of the iCT assay. (A) Comparison of polycarbonate membrane with 8-μm 
pores used for the Boyden chamber assay (Corning Costar, NY, USA) and nylon membrane used for iCT 
assay with a 40-μm2 mesh. (B) Concept of the iCT assay. (C) Method of the iCT assay. The cell–collagen 
mixture was loaded on the bottom surface of the inverted cell strainer. After polymerization, the strainer 
was returned to its original position and the collagen gel solution was poured into the upper chamber and 
polymerized. The strainer was placed in a 24-well plate filled with DMEM containing 0.5% serum. The inner 
chamber was filled with DMEM containing 10% serum to attract cells in the lower gel. After incubation at 
37°C, both upper and lower gels were removed from the strainer and analyzed under a light microscope.  
iCT: Invading cell t rapping. 
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time, HeLa-MT1R2 cells were isolated from 
HeLa-MT1 cells.
Plasmid construction
A cDNA encoding mCherry was PCR 
amplified from pTRE3G-mCherry (Clontech, 
Mountain View, CA, USA) and inserted into 
the pcDNA-FLAG vector at the BamHI and 
XbaI sites. MT1-MMP cDNA amplified by 
PCR was then inserted into the pcDNA-
FLAG-mCherry vector at the HindIII and 
BamHI sites to generate the pcDNA-MT1-
MMP-FLAG-mCherry plasmid.
Nuclear staining
After washing with phosphate-buffered 
saline (PBS), the gels were fixed with 4% 
paraformaldehyde for 4 h, and cells were 
stained with Hoechst 33342 for 2  h. 
Fluorescence images were acquired with 
a confocal laser scanning microscope 
(LSM510; Carl Zeiss, Jena, Germany). Cells 
that had invaded into the gel were quantified 
from these images using ImageJ software 
(National Institutes of Health, MD, USA).
Gelatin zymography
Conditioned medium (CM) from the outer 
chamber was analyzed by gelatin zymog-
raphy as previously described [6–8]. Briefly, 
MMP-2 and -9 levels in the supernatant 
were measured by adding an equal volume 
of zymography sample buffer. To detect cell-
bound MMP-2 and -9, cells embedded in 
collagen gels were washed twice with PBS 
and then dissolved in 100 μl of zymography 
sample buffer with sonication. The samples 
were incubated at 37°C for 30 min and then 
separated by electrophoresis on a sodium 
dodecyl sulfate (SDS)-polyacrylamide 
gel containing gelatin labeled with Alexa 
Fluor 680 (Molecular Probes). Gels were 
processed and monitored with an Odyssey 
infrared (IR) imaging system (LI-COR, NE, 
USA) as previously described.
Western blotting
After washing twice with PBS, cells were 
lysed in 10 mM Tris-HCl (pH 7.5), 100 mM 
NaCl, 5 mM EDTA, 2 mM Na3VO4, 2 mM 
NaF, 1% SDS, and protease inhibitor cocktail 
(Nanalai Tesque). Cells in collagen gels were 
homogenized in SDS-sample buffer. After 
sonication, the samples were centrifuged to 
remove cellular debris. Protein concentration 
was determined with the bicinchoninic acid 
assay (Pierce, IL, USA). The samples were 
separated by electrophoresis on SDS–
polyacrylamide gels and transferred to a 
 
A B C
Figure 2. Gel-to-gel invasion of HT1080 cells analyzed with the iCT assay. HT1080 cells (5 × 105) 
were seeded in the lower gel and invasion into the upper gel was analyzed. Invasion was induced 
by adding indicated concentrations of serum (0.5 or 10%) to the upper gel layer and incubating for 
24 h. (A) Phase contrast images of invading cells in the upper gel. (B) Number of cells in the upper 
gels was counted under a light microscope. Average number of cells per field is presented. Each con-
dition was run in duplicates, and data represent the means ± SD of two independent experiments. 
The asterisk indicates statistical significance (p < 0.05). (C) Number of cells in the lower gels was 
assayed by measuring viable cell numbers using a Cell Counting Kit-8. The living cell number was 
assessed by measuring the absorbance of OD490 using a SH-1000Lab spectrophotometer. Each con-
dition was run in duplicates, and data represent the means ± SD of two independent experiments. 




Figure 3. MMP-dependent cell invasion. Invasion of HT1080 cells (2 × 105 cells/chamber) was examined 
for 3 days in the presence of the MMP inhibitor BB94 (2 μM) or solvent (DMSO). (A) Invading cells in the 
upper gel were stained with Hoechst 33342 (1:5000), and images were obtained with a confocal laser 
scanning microscope (top and middle panels). The number of invading cells was automatically counted 
using ImageJ software (bottom panel). Scale bars, 100 μm. (B) Number of invading cells per field. Each 
condition was run in duplicates, and data represent the means ± SD of two independent experiment. 
The asterisk indicates statistical significance (p < 0.05). (C) CM obtained from the outer chamber and 
cell lysates from the lower (Low) and upper (Up) gels were subjected to gelatin z ymography.
A:  Active form of MMP-2; CM: Conditioned medium; L:  Latent form of MMP-2; MMP: Matrix 
m etalloproteinase.
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nitrocellulose membrane that was probed 
with the appropriate antibodies. The signal 
was detected with the Odyssey IR imaging 
system.
Statistics
Data were analyzed with the two-tailed 
Mann-Whitney U test. p  <  0.05 was 
considered significant.
Results & discussion
The iCT assay was developed and used 
to isolate invasive cells from a 3D collagen 
matrix. HT1080 human fibrosarcoma cells 
were used as a highly invasive cell line. 
Briefly, the apparatus had two collagen gel 
layers separated by a nylon mesh membrane 
with 40-μm2 pores that were large enough 
to allow passage of invading cells and also 
facilitated the separation of collagen gel 
layers at the end of the assay. The layers 
were formed across the membrane using 
a cell strainer. The bottom of the strainer 
harbored a short skirt structure that held 
the lower gel during the assay. To stimulate 
cell movement against the force of gravity, 
cells were seeded in the lower gel and their 
movement was directed upward (Figure 1B). 
The downward migration of cells seeded in 
the upper gel can also be examined using 
this apparatus.
The cells were mixed with neutralized 
type I collagen and placed on the top surface 
of the inverted strainer (corresponding to the 
lower gel; Figure 1C). After polymerization 
of the cell–collagen mixture, the chamber 
was placed in a 24-well plate, and another 
collagen gel was cast inside the strainer 
(upper gel). Medium containing 0.5% serum 
was added to each well of the plate and 
medium containing 10% serum was added 
to the upper gel in the strainer. Cells in the 
apparatus were allowed to migrate into the 
collagen gel across the membrane mesh. 
After incubation for 24 h, the cell strainer 
was removed from the plate and gel layers 
were separately removed. Noninvading cells 
remained in the lower gel, whereas invading 
cells were recovered from the upper 
collagen gel and counted under a light 
microscope (Figure 2A). Cell number in the 
upper gel under 10% serum condition was 
significantly larger than those of 0.5% serum 
culture (Figure 2B). However, cell number in 
the lower gel was almost identical between 
0.5 and 10% serum condition (Figure 2C). 
These results suggest that the iCT assay 
enables the analysis of invasion stimulated 
by a higher serum concentration.
HT1080 cells express multiple MMPs 
including MT1-MMP and MMP-2 and -9, 
and it was previously reported that MMP 
activity determines the ability of cells to 
invade collagen [7,8]. To confirm whether the 
observed invasion was dependent on MMP, 
the assay was carried out in the presence of 
the synthetic MMP inhibitor (MMPI) BB94. 
We found that HT1080 cell invasion was 
suppressed by MMPI (Figure 3A & B), while 
cell number both in the lower gel and upper 
gel was unaffected by MMPI treatment 
(Supplementary Figure 1). The upper gel 
was fixed and stained with Hoechst 33342 
and examined by confocal laser scanning 
microscopy (Figure 3B); a quantitative 
analysis of invading cells confirmed that 
MMPI treatment reduced cell invasion.
Gelatin zymography allows visualization 
of gelatinolytic activity in samples. Latent 
and active forms of MMP-2 and -9 
exhibit potent gelatinase activity in gelatin 
zymography. MT1-MMP activity can be 
evaluated based on the presence of the 
active form of MMP-2. CM and lysates 
of cells in the upper and lower gels were 




Figure 4. Analysis of MT1-MMP-dependent invasion. HeLa cells were transfected with MT1-MMP-FLAG-
mCherry plasmid to obtain MT1-mCherry-expressing cells (HeLa-MT1). (A) CM from the cells was analyzed 
by gelatin zymography. Activities corresponding to L and A forms of MMP-2 are shown (top panel). Cell 
lysates were analyzed by western blotting using anti-FLAG (MT1; 1:2000, middle panel) and anti-tubu-
lin (1:2000, bottom panel) antibodies. (B) A mixture of parent HeLa cells and HeLa-MT1 cells (4 × 105/
chamber) was evaluated with the iCT assay for 3 days in the presence of 0.5 or 20% serum. Cells in the 
upper gel were counted under a light microscope. The number of invading cells per field is presented. 
Each condition was run in duplicates, and data represent the means ± SD of two independent exper-
iments. The asterisk indicates statistical significance (p < 0.05). (C) Cells in the lower and upper gels 
were fixed and stained with Hoechst 33342, and images were obtained with a confocal laser scanning 
microscope. Scale bars, 100 μm. (D) Alternatively, serum-stimulated cells in the lower and upper gels 
were analyzed by western blotting using anti-FLAG (MT1) and anti-tubulin antibodies. The MT1-MMP/
tubulin ratio was analyzed using Image J software. (E) CMs from HeLa, HeLa-MT1 and HeLa-MT1R2 
cells were analyzed by gelatin zymography (top panel). Cell lysates were analyzed by western blotting 
using anti-FLAG (MT1) (middle panel) and anti-tubulin (bottom panel) antibodies. (F) HeLa, HeLa-MT1 
and HeLa-MT1R2 cells (3 × 105/chamber) were evaluated with the iCT assay for 3 days in the presence 
of 20% serum. Cells in the upper gel were counted under a light microscope (right panel). The num-
ber of invading cells per field is presented. Each condition was run in duplicates, and data represent the 
means ± SD of two independent experiments. The asterisk indicates statistical significance (p < 0.05). 
A:  Active form of MMP-2; CM: Conditioned medium; L:  Latent form of MMP-2; MMP: Matrix 
m etalloproteinase.
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and -9 produced by HT1080 cells (Figure 
3C). Gelatinolytic activities associated with 
MMP-2 and -9 were observed in CM and 
cell lysates. The active form of MMP-2 was 
also observed, but this was decreased by 
MMPI treatment, indicating that inhibition of 
MT1-MMP suppressed activation of latent 
MMP-2. These results demonstrate that the 
iCT assay reflects cells’ ability to invade the 
collagen gel in an MMP-dependent manner, 
consistent with earlier o bservations [6–12].
To confirm the effect of MT1-MMP on 
cell invasion, HeLa cells were transfected 
with a plasmid expressing FLAG and 
mCherry-tagged MT1-MMP. HeLa-MT1 
cells were obtained by G418 selection for 
3 weeks, which expressed MT1-FLAG-
mCherry and thereby activated MMP-2 
(Figure 4A). HeLa-MT1 cells were mixed with 
the parental HeLa cells and analyzed with 
the iCT assay; 7.7% of cells in the mixture 
were mCherry-positive. After incubation 
for 3 days, the upper gel was removed 
and the number of mCherry-positive cells 
was evaluated by confocal microscopy. 
The number of invading cells was fivefold 
higher in the presence of 20% as compared 
with 0.5% serum (Figure 4B). Accordingly, 
the fraction of mCherry-positive cells in the 
upper gel was increased to 73% (Figure 4C). 
Western blotting of the cells embedded in 
the collagen gel showed that the MT1-MMP/
tubulin ratio was 7.5-fold higher in the cells 
that had invaded the upper gel than in the 
cells that stayed in the lower gel (Figure 4D). 
These results indicate that MT1-MMP-
expressing HeLa cells were more invasive 
than the parent cells and were enriched in 
the upper gel.
To test whether highly invasive cells could 
be selected by repeating the iCT assay, we 
performed the iCT assay using HeLa-MT1 
cells. After incubation, the invading cells 
embedded in the upper gel were cultured for 
another 6 days. After degrading the collagen 
gel using collagenase, the cells grew in 
the culture dish (HeLa-MT1R1 cells). By 
repeating this protocol using HeLa-MT1R1 
cells, we obtained HeLa-MT1R2 cells. 
These HeLa-MT1R2 cells expressed 
higher levels of MT1-MMP and activated 
MMP-2 more effectively than the parent 
HeLa and HeLa-MT1 cells (Figure 4E). 
Thus, HeLa-MT1R2 cells invaded into the 
upper gel more efficiently than HeLa and 
HeLa-MT1 cells (Figure 4F). These results 
indicate that the iCT assay could be used 
to select the cells that are functionally more 
invasive from parent cells.
Collagen is a major component of tissue 
surrounding cancer cells, representing 
approximately 30% of total protein mass. 
Type I collagen is the main scaffold protein 
in the stromal ECM [20,21]. Invasion of the 
collagen matrix was shown to be corre-
lated with invasive and metastatic capacity 
of cancer cells. Since enrichment of invasive 
cells in their active state enables analysis 
of the molecular mechanisms involved, we 
developed a simple and low-cost method 
for this purpose. Using the iCT assay we 
confirmed that MT1-MMP plays a crucial 
role in cancer cell invasion into the collagen 
gel (Figures 2–4). The advantage of the iCT 
assay is that it captures invasive and nonin-
vasive cells in two separate collagen gel 
layers; a nylon mesh membrane between 
the layers allows easy removal of the gels 
from the apparatus and means that there is 
no need for a specialized microscope and 
imaging analysis software. Invading cells in 
the upper gel can be examined under a light 
microscope. The viability of both invaded 
and noninvaded cells remaining in the gels 
can be examined by typical colorimetric 
assays, if desired. By repeating the iCT 
assay, highly invasive HeLa-MT1R2 cells, 
which expressed higher levels of MT1-MMP 
and activated MMP-2 more effectively than 
the parent HeLa and HeLa-MT1 cells, were 
isolated (Figure 4). There are currently no 
other assays that can selectively and 
efficiently trap invading cells within a 3D 
m icroenvironment.
The iCT assay is similar to other methods 
in that it is also an inverted invasion 
assay [18,19]. The advantage of the iCT 
assay is that it allows the two collagen gel 
layers to be easily separated, with living 
invaded and noninvaded cells trapped in 
the upper and lower gels, respectively. We 
monitored the upward invasion of cancer 
cells in this study; however, cells can also be 
embedded in the upper gel using this device, 
in which case downward invasion would be 
monitored. There are also disadvantages. 
The excessive collagenolysis caused by a 
large number of cells and a long incubation 
period failed to induce upward invasion. 
In such a case, monitoring downward 
invasion by seeding cells in the upper gel 
might be appropriate. The collagen gel 
does not fully mimic the in vivo microen-
vironment in cancer cell invasion. Adding 
other ECM components such as laminins 
and fibronectins to the collagen gel [19], as 
well as growth factors and cytokines to the 
medium, may better recapitulate the in vivo 
tumor microenvironment.
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Invasive and noninvasive cell popula-
tions can be further enriched by repeating 
the iCT assay and may be used for 
transcriptome, proteome and genome 
analyses.
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